Effect of Fermi Surface Nesting on Resonant Spin Excitations in Bai_a^Ka;Fe2As2 
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We report inelastic neutron scattering measurements of the resonant spin excitations in 
Bai_a;Ka;Fe2As2 over a broad range of electron band filling. The fall in the superconducting transi- 
tion temperature with hole doping coincides with the magnetic excitations splitting into two incom- 
mensurate peaks because of the growing mismatch in the hole and electron Fermi surface volumes, 
as confirmed by a tight-binding model with s±-symmetry pairing. The reduction in Fermi surface 
nesting is accompanied by a collapse of the resonance binding energy and its spectral weight caused 
by the weakening of electron-electron correlations. 



The connection between magnetism and unconven- 
tional superconductivity is one of the most challenging 
issues in condensed matter physics. In unconventional 
superconductors, such as the copper oxides [1, heavy 
fermions[2 , organic charge-transfer salts [3 , and now the 
iron pnictides and chalcogenides[4-6 , the superconduct- 
ing state occurs in the presence of strong magnetic cor- 
relations and sometimes coexists with magnetic order, 
fostering models of superconducting pairing mediated by 
magnetic fluctuations [7H9]. Such models lead to unusual 
superconducting gap symmetries, such as the d-wave 
symmetry observed in the high-temperature copper ox- 
ide superconductors. Although there have been reports 
of energy gap nodes in a few of the iron superconduc- 
tors, most appear to have weakly anisotropic gaps[10 . 
This is consistent both with conventional s-wave pair- 
ing, in which the gap has the same sign over the entire 
Fermi surface, and with unconventional 5±-wave pairing, 
in which the gaps on the disconnected hole and electron 
Fermi surfaces have opposite sign^. 

The first spectroscopic evidence of unconventional s±- 
wave symmetry was provided by inelastic neutron scat- 
tering on optimally-doped Bao.6Ko.4Fe2As2 with the ob- 
servation of a resonant spin excitation at the wavevec- 
tor, Q, connecting the nearly cylindrical hole and elec- 
tron Fermi surfaces, centered at the zone center (F- 
point) and zone boundary (M-point), respectively, i.e., 
at Qo = (7r,7r) in the crystallographic Brillouin zone[ll . 
Similar excitations have now been observed in a wide 
range of iron-based superconductors [12HT5] . Within an 
itinerant model, the resonance arises from an enhance- 
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ment in the superconducting phase of the band electron 
susceptibility, xiQ^^)^ caused by coherence factors in- 
troduced by pair formation [161 Hi]- If ^k+Q = — Ak, 
where Ak are the values of the energy gap at points k 
on the Fermi surface, i.e., if Q connects points whose 
gaps have opposite sign, the magnetic susceptibility of 
superconducting but otherwise non-interacting fermions 
RexolQ,^) diverges logarithmically upon approaching 
2A from below. In the Random Phase Approximation 
(RPA), the full susceptibility is given by 

x(Q,a;) = XoiQ.uj) [1 - J(Q)xo(Q, c^)]"' (1) 

where J(Q) represents electron-electron interactions. 
The interactions produce a bound exciton with an en- 
ergy Q below 2A given by J(Q)Re xo(Q7 ^) = 1, ^-e- 
with a binding energy of 2 A — r^[18 . 

This letter addresses the evolution of the resonant spin 
excitations with band filling. Resonant spin excitations 
in the iron-based superconductors have mostly been ob- 
served in compounds close to optimal doping where the 
hole and electron pockets have similar size. We have now 
studied the magnetic excitations in Bai_a;Ka^Fe2As2 over 
a broad range of hole dopings in which the mismatch 
between the hole and electron Fermi surface volumes be- 
comes increasingly significant. Our results therefore pro- 
vide insight into the influence of Fermi surface nesting 
on the unconventional superconductivity. At moderate 
doping, there is a longitudinal broadening of the wavevec- 
tor of the magnetic response and then, at higher doping, 
a split into two incommensurate peaks, which is corre- 
lated with a fall in Tc. The scaling of the resonant peak 
energy to the maximum energy of the superconducting 
gap, 1]/2A, is not universal as has been claimed [9 , but 
renormalizes continuously to 1 with increasing hole con- 
centration. This represents a reduction in the exciton 
binding energy due to weakening electron-electron inter- 
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FIG. 1: (a-d) Inelastic neutron scattering from Bai-ccKccFe2As2 measured in the superconducting phase at a temperature of 
5K using incident neutron energies (E^) of 30meV and 60meV, at (a) x = 0.3 (Ei=30meV), (b) x = 0.5 (Ei=60meV), (c) 
X = 0.7 (Ei=30meV), scaled by a factor 2.0, and (d) x = 0.9 (Ei=30meV), scaled by a factor 2.667. (e-h) The magnetic 
scattering vs Q integrated over the energy transfer range of the inelastic peak, compared to a fitted model that includes one (e) 
or two Gaussian peaks (f-h) (dashed black lines) and a non-magnetic background (dotted line), given by the sum of a quadratic 
term, consistent with single-phonon scattering, and a constant term, consistent with multiple phonon scattering. The energy 
integration range is (e) 9-14 meV, (f) 12-18 meV, (g) 10-14 meV and (h) 10-15 meV. 



actions and is accompanied by a collapse of the resonant 
spectral weight [18 . 

The reason for choosing Bai_a;Ka;Fe2As2 in our inves- 
tigation is that the superconducting phase extends over 
a much broader range of dopant concentration with hole- 
doping (0.125 < X < 1.0) than with electron-doping 
(0.08 < X < 0.32) [E]. According to ARPES data[20], 
the shift of the chemical potential from optimal doping 
at X = 0.4 to the extreme overdoping at x = 1 approxi- 
mately doubles the radius of the hole pockets and shrinks 
the electron pockets, which vanish close to x = 1. 

We have prepared polycrystalline samples with x = 
0.3, 0.5, 0.7, and 0.9, to supplement our earlier measure- 
ments of X = 0.4. Details of the sample synthesis proce- 
dures are reported elsewhere [2T. The inelastic neutron 
measurements were performed on the Merlin spectrom- 
eter at the ISIS Pulsed Neutron Facility, UK, using in- 
cident energies of 30 and 60meV and temperatures of 
5K and 50 K, i.e., below and above Tc. The data were 
placed on an absolute intensity scale by normalization to 
a vanadium standard. 

Fig. l(a-d) summarizes the data at low temperature 
showing that inelastic peaks are visible in all composi- 
tions centered in energy between ^ llmeV and 15meV. 
The most striking observation is the pronounced Q- 
broadening of the inelastic scattering at x = 0.5 and 
its split into two incommensurate peaks at x = 0.7 and 
0.9. This is seen most clearly in Fig. l(e-h), which shows 
the wavevector dependence of the energy-integrated in- 
tensity. The magnetic contribution is fit to one or two 
peaks symmetrically centered around Qo ^ 1-2 A~^, with 
phonons and multiple scattering contributing a quadratic 
Q-dependent and Q-independent intensity, respectively. 
After correction for the Fe^+ form factor, the split peaks 



have approximately equal intensity. Since we are measur- 
ing polycrystalline samples, the /-dependence is spheri- 
cally averaged, but this cannot explain the size of the 
splitting. The absolute values of Q at (tt, tt, 0) and 
(7r,7r, ±7r) are 1.15 A~^ to 1.25 A~^, respectively, whereas 
the peaks at x = 0.7 are at 0.94 A"^ and 1.52 A"^ 

In order to understand the incommensurability, we 
have performed calculations of the doping dependence of 
the dynamic magnetic susceptibility using a simple tight- 
binding model of two hole pockets centered around the 
F-point and two electron pockets centered around the M- 
points. To make quantitative as well as qualitative com- 
parisons to experiments, we use the Fermi velocities and 
the size of the Fermi pockets based on Refs. [71 A 
key parameter is the ellipticity, e, of the electron pockets. 
Perfect nesting requires e to be zero, i.e., circular electron 
pockets. With increasing ellipticity, the magnetic peak 
broadens and extends to larger AQ around Qo, because 
the increasing mismatch of the hole and electron Fermi 
surfaces weakens the singularity in the magnetic response 
at Qq. The intensity is also lower because of the weaker 
nesting and smaller size of the superconducting gap on 
this Fermi surface. 

In the following, we set e = 0.5, which gives the best 
description of the spin waves in the parent compound [23 , 
to investigate the doping evolution of Imx(Q, oj) for vari- 
ous hole dopings, i.e. for positive values of the hole dop- 
ing parameter, ja. In agreement with the experiments, 
the magnetic response is initially commensurate and a 
well-resolved splitting is only found at /i = 0.5. The crit- 
ical doping at which the magnetic peak splits, /ic^ also 
depends on the ellipticity. For larger (smaller) e, the 
splitting becomes visible at larger (smaller) values of ja. 

A comparison of Fig. 1 and Fig. 2 demonstrates that 
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FIG. 2: Calculated lm.x{Q,(^) with increasing hole concentration based on a four-band tight-binding model with two circular 
hole pockets and two elliptical electron pockets, with ellipticity e = 0.5 and chemical potentials (a) /a = 0.0, (b) /x = 0.3, and 
(c) /i = 0.5. The intensity map corresponds to states/eV. 



the calculations reproduce the observed behavior as a 
function of potassium doping. The values of the calcu- 
lated incommensurability vs ja are plotted with the ex- 
perimental data in Fig. 3a, assuming ja ^ x. The good 
agreement, with /ic ~ 0-4, shows that the observed in- 
commensurability is consistent with the change in Fermi 
surface geometry with hole doping. Furthermore, the 
value of the incommensurability at x = 0.9 is in agree- 
ment with neutron results from pure KFe2As2[24 , which 
were also interpreted as interband scattering. Fig. 3b 
shows that the onset of incommensurability with x oc- 
curs just when Tc starts to fall, showing a direct correla- 
tion between the degree of Fermi surface nesting and the 
pairing strength. 

The doping dependence of the inelastic peak energies, 
is summarized in Fig. 3b, where they are plotted vs 
X, along with Tc, which falls from 38K at x = 0.4 to 
7K at X = 0.9. ARPES measurements suggest that the 
gap scales as 2A/kBTc ~ 7. 5 [25]. With this assump- 
tion, Q/2A is observed to increase continuously from 
0.52 at X = 0.3 to 0.98 at x = 0.7 (Fig. 3c). This is 
clearly inconsistent with the postulated universal scaling 
of Q/2A ~ 0.64 [9 , proposed to characterize all uncon- 
ventional superconductors, including the copper oxides 
and heavy fermions. 

At X = 0.9, where the magnetic scattering peaks at 
~ 13meV, Q/2A would be greater than 1, which is in- 
consistent with the requirement that the resonance is a 
bound state with a maximum energy of 2 A. In order to 
explain this anomaly, it is necessary to look at how much 
of the observed magnetic spectral weight is enhanced in 
the superconducting phase. Fig. 4 shows the energy 
spectra for 0.3 < x < 0.7, including x = 0.4 published 
earlier [11], at 5K and 50 K, i.e., both below and above 
Tc. The data have been converted to ImxiQ^oj) by cor- 
recting for the Bose temperature factor. At x = 0.3, 0.4, 
and 0.5, the resonant enhancement of the intensity be- 
low Tc is clearly evident, but at x = 0.7, it is only just 
statistically significant. Fig. 4(d) shows the resonant en- 
hancement in the high-Q peak, but it is also evident in 
the low-Q peak. Fig. 3(c) shows that the resonant spec- 
tral weight determined by subtracting the 50 K data from 



the 5 K data decreases sharply with increasing x, falling 
to zero at x ^ 0.72. We had insufficient time to measure 
the X = 0.9 spectra above Tc, but the trend at lower x 
suggests that there would be no resonant enhancement 
below Tc. 

This collapse in the resonant spectral weight is clearly 
linked to the increase of 1^/2 A to 1 (Fig. 3c), a cor- 
relation that is predicted by RPA models developed 




FIG. 3: (a) The wavevector, Q, of the magnetic excitations 
in Bai-xKxFe2As2, determined from the peak centers in Fig. 
l(e-h) vs X (solid circles). The open circles are from the the- 
oretical calculations in Fig. 2 assuming /x = x. (b) Tc (solid 
circles) and Q (open circles) determined from the resonantly 
enhanced component of the inelastic peaks shown in Fig. 1, 
i.e., after subtracting the 50 K data from the 5K data, (c) 
The ratio of the resonant excitation energy to twice the maxi- 
mum superconducting energy gap, Q/2A (solid circles), using 
2A/kBTc — 7.5, [25], and the resonant spectral weight (open 
circles) . The inset shows the linear dependence of the spectral 
weight vs 2 A — All other lines are guides to the eye. 
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FIG. 4: Inelastic neutron scattering from Bai-ccKccFe2As2 
vs energy transfer in meV measured at a temperature of 
5 K (blue circles) and 50 K (red circles) using incident neu- 
tron energies (E^) of 30meV and 60meV. (a) x = 0.3 
(Ei=30meV), (b) x = 0.4 (E^^GOmeV) from Ref. [H], (c) 
X 0.5 (E^=60meV), and (d) x 0.7 (E^=30meV). The 
Q- integration ranges are (a,b,c) 1.0 to 1.4 and (d) 1.2 to 
2.0 A~^, i.e. only the peak at higher-Q is included for x — 0.7 
so the data are plotted on an expanded scale to correct for 
this and the reduction in Fe^^ form factor. The resonant en- 
hancement at X = 0.7 (d), is also observed in the lower-Q 
peak. 

to explain neutron scattering results in the copper ox- 
ide superconductors [18( \26\. In Equation 1, the precise 
value of the resonance energy is dictated by the inter- 
action term J, so Q/2A is predicted to shift towards 
1 as the electron correlations weaken. This was the 
interpretation of point-contact tunneling on overdoped 
Bi2Sr2CaCu208+(5[27] and it is quite plausible that elec- 
tron correlations are diminished in Bai_ajKajFe2As2 as 
Fermi surface nesting and the consequent antiferromag- 
netic correlations are weakened by hole doping. The itin- 
erant models predict that the reduction in the resonant 
spectral weight is directly proportional to the reduction 



in the exciton binding energy, 2 A — r2[28], in excellent 
agreement with the linear relation shown in the inset to 
Fig. 3c. 

The resonant spin excitations in Bai_a;Ka;Fe2 As2 prove 
to be sensitive probes of both the symmetry of the su- 
perconducting gap and the Fermi surface geometry. The 
incommensurability is seen to be a signature of imper- 
fect nesting, and its onset with increasing x is correlated 
with the decline in Tc and the collapse of the resonant 
spectral weight. The close correspondence between the 
strength of Fermi surface nesting and superconductivity 
lends considerable weight to models in which magnetic 
fluctuations provide the 'pairing glue' in the iron pnic- 
tide and chalcogenide superconductors. 
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